Self-organized ZnO nanosize islands were successfully synthesized by metalorganic chemical vapor deposition on thermally grown SiO 2 layers on Si (111). Investigation by atomic force microscopy showed that the density and size of the ZnO islands were changed by growth conditions. At the growth temperature of 500
Recently, ZnO has attracted attention as a promising material for short-wavelength optical device applications 3, 4) due to the great advantage of having a large exciton binding energy (60 meV), 5) which is quite larger that those of other semiconductor materials with wide band gaps such as GaN (25 meV) and ZnSe (22 meV). Many significant exciton effects promising for achieving large oscillator strength, significant nonlinear optical properties, or multiexciton interaction may be expected in three-dimensional ZnO nanostructures due to the enhanced confinement of excitons. To date, ZnO nanostructures such as nanowires and nanoparticles have been reported. [6] [7] [8] [9] However, there have been few studies on the formation of a ZnO nanosize island (nano-island) structure using a conventional semiconductor growth method in spite of many extensive studies on compound semiconductors such as InAs 10) and CdSe. 11) In this letter, we report the successful growth of selfassembled ZnO islands on thermally grown amorphous SiO 2 layers on Si (111) substrates by metalorganic chemical vapor deposition (MOCVD). The issues of primary concern include island morphology as well as the controllability of island size and density.
Prior to the growth of SiO 2 layers on Si (111) substrates, a conventional cleaning treatment using acetone and methanol was applied. The SiO 2 layer with thickness of 25 nm was thermally formed in a furnace in oxygen atmosphere at 1000
• C. After the same cleaning treatment was carried out, the SiO 2 /Si samples were immediately transferred into the MOCVD growth chamber. The ZnO islands on SiO 2 were grown by MOCVD using nitrous oxide (N 2 O) gas as an oxygen source and diethylzinc (DEZn) as a zinc source at different temperatures at intervals of 50
• C in the range of 400-600
• C. Firstly, N 2 O was introduced into the growth chamber, and after 1 min DEZn was supplied in order to initiate the growth of ZnO with typical flow rates of N 2 O and DEZn be- * E-mail address: swkim@fujita.kuee.kyoto-u.ac.jp ing 1 × 10 −2 and 5 × 10 −7 mol/min, respectively, and the total pressure of the reactor being 200 Torr, under which conditions the growth of high-quality ZnO layers on sapphire and Si were confirmed. 12, 13) The surface morphology of the samples was investigated by atomic force microscopy (AFM) in the contact mode after taking the samples out of the MOCVD chamber. Luminescence was characterized using the excitation at the 325 nm line of a He-Cd laser as an excitation source.
Firstly, we grew ZnO islands at 400
• C using different growth times with intervals of 4 s and observed AFM images of the surface of SiO 2 as a function of the growth time of ZnO. As shown in Fig. 1(a) , the SiO 2 surface is very flat with a root mean square roughness of 0.9 nm, but the stepand-terrace structure existing on the Si substrate surface is hardly distinct, which might be attributed to the thickness of SiO 2 . With the growth of ZnO, island structures are clearly observed as shown in Fig. 1(b) . It should be noted that the island structure appeared only when both DEZn and N 2 O were supplied, suggesting that the structure is ZnO. The density of the ZnO islands is plotted against the growth time in Fig. 2 . For a growth time of less than 20 s, it was very difficult to confirm the formation of ZnO islands. However, at 20 s, the ZnO islands were steeply structured with a density of about 7 × 10 8 cm −2 . The density of the islands gradually increased with additional growth time, while their size rapidly increased. In addition, the size uniformity of the islands deteriorated with increasing growth time.
There are reports on ZnO films with preferred c-axis orientation grown on amorphous SiO 2 /Si by MOCVD. 14, 15) In spite of their preferred orientation along the c-axis, the surface morphology of the ZnO films grown on SiO 2 at about 400
• C was quite rough. This result was attributed to the nonefficient nucleation of ZnO crystallites on SiO 2 at the initial stage and to the fact that the nucleated ZnO crystallites have no specific epitaxial alignment with random distribution. This means that the adhesion probability of ZnO on SiO 2 is low, and therefore it is suggested that the formation mechanism of the ZnO islands can be explained by the Volmer-Weber-like nucleation that occurs when the sum of the epitaxial layer/substrate interface energy and the epitaxial layer free energy is larger than the substrate free energy. However, in order to explain the exact mechanism of the formation of islands, more detailed investigations such as surface analysis and strain effect are required.
Surprisingly, we observed a drastic change of the island geometry beyond 32 s of growth time. The shape of the ZnO islands changes from round to an elongated one in the [1120] direction. Regarding the formation of the elongated islands, we speculate that the origin of the elongated shape with the preferred [1120] orientation is associated with the existence of an anisotrophic strain field.
16) The mechanism of the formation of the elongated islands will be discussed elsewhere.
In order to determine more optimal growth conditions to form dense ZnO islands, we grew the ZnO islands for the same growth time (28 s) at different growth temperatures with intervals of 50
• C. As shown in Fig. 3 , the island density increases and the island size decreases with the increase of growth temperature from 400 to 500
• C. Uniform islands with a narrow size distribution and a high density of 5. creases the adatom diffusion length, leading to the increase of the island size. However, the fragmentation due to elastic strain relaxation appears to compensate this effect at higher temperature. 17) As a result, the island density increases and the average size decreases as shown in Fig. 3 . Above 550
• C, an island is hardly detected by AFM, probably due to enhanced evaporation of adatoms.
A photoluminescence spectrum measured at 10 K of ZnO nano-islands grown on SiO 2 at 450
• C for 28 s is shown in Fig. 5 . The spectrum consists of an emission at approximately 3.346 eV with a weak deep emission band at about 2.5 eV. The former emission band coincides with the well-known excitonic emission band of ZnO, and therefore the nanostructure that we fabricated can be reasonably identified as ZnO. However, the broad emission at approximately 3.346 eV, which is at a slightly lower energy compared to the high-quality ZnO films, and the existence of a deep emission band, even at 10 K, may be attributed to the insufficient crystal and optical properties of the ZnO nano-islands. 18) This might be due to the relatively low growth temperature because it is in accordance with the result of bulk ZnO grown on Si by MOCVD at the same growth temperature. Efforts to optimize the growth conditions in order to obtain high-quality samples and to observe quantum effects are still in progress.
In summary, we have grown three-dimensional ZnO islands by MOCVD as a function of growth time and substrate temperature on SiO 2 which was thermally grown on Si (111) substrates. The formation of the ZnO islands may be attributed to low adhesion probability of adatoms on SiO 2 which causes Volmer-Weber-like nucleation to occur in order to reduce the surface energy. Under the optimal growth temperature of 500
• C, the density and size uniformity of ZnO islands were improved. The highest density of 5.7 × 10 9 cm
was obtained with the average island dimensions of 30 nm width and 10 nm height. Taking the overall results into account, it is concluded that the control and prediction of the surface energy and atomic kinetics of ZnO islands are of great importance in realizing reliable quantum effect devices based on ZnO.
